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I . : N'TI^ODIJCT [OV 



\ c h a r p, e (\ p art id o r a p, r o u p o f c: h a r* s’ e d particles 
moving at greater than the velocity of light in a medium 
will interact with the material to generate a continuous 
spectrum of electromagnetic radiation. Mallet and C e r e n k o \ 
con due* ted experiments, in the [020* si and IMdO’s, which 
d 1 s c o V e i' e d and p t' o v i <1 e d an explanation for the radiation. 
Frank and Tamm, in developed the theory for the 

pt'oeess ihef. l:pp.l 15 ■, Recent work has concentrated on 
the radial ion from periodic hunches of electrons and effects 
due to a non in finite interaction region [Ref. 2] [Ref. 3]. 

The shape of a group of charges i nil nonces the pattern 
of radiation p r o (d u c e d . Mapping the radiation pattern f t' o m 

di fferent charge shapes may provide insight into whether 
<: h a i' g e pulse s li a p e s can be d e t e r m i n e d from observed 
rad 1 a 1 1 on pal 1 erns ^ Re f . 4 : pp . I , .! OtiB j . 
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I T . B ACKGROUND 



A. THE CEF^ENKOV EFFECT 

The electric T I e L fl of a hun<'h of elec* Irons movin.i^ slowly 
through a inedium polarises the atoms of the medium so that 
I h e positive n u c I < ' i are d i s place d t <*> w a r d \ h e electron bun c h , 
and the negative elect t'on clouds away. At any partiruiar 
time, the medium ls polarized in the region near the 
electron bunch, producing a dipole. An e I ec t romagnet i c 
pulse is generated by the l’ormatif)n and disappearance of the 
dipole as the bunch passes. The electtuj magnetic pulse 
p r o p cl g a t e s away f r o m t ho d i p 1 e s o u r' c ( ' at the velocity of 
light in the medium. The distance between wave fr'onts is 
compressed as the velocity of the electron bunch increases. 
This effect is similar to tlie doppler effect for sound 
radiated from a moving source. The e 1 ec t r omar>net i c fi^id 
produced is called sub-Cerenkov radiation fRef. 5:pp.3-4. 
[Ref. 6] . 

If the electron bunch is accelerated to a velocity 
greater than light in the medium, tfie pulse source velocity 
is greater than that of the propagating e I ec: t r'omagn e r i c wave 
which transports the energy. The result is a waveftont 
where the eininated wavelets bunch together in phase. This 
shockfront of electromagnetic radiation is Cerenkov 
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Figure 1. Radiation Shockfront 
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radiation - that radiation i t ( ed when ^ho veloc:i.lv ot i 
charged particle exceeds the velocity o t liglit in a inedi uni 
Ref. 5 : p p . 4 - 5 ] f R e f . H ! . 

Figure I shows the resultant Cerenkov radiat ion plane 
w a V e f t' o n t B C from particles t r' a v e 1 l n g from A to B . Wave 
lets from points 0 to 5 are coherent along wavefront BC . 

The angle Oc is given by the '‘Cerenkov relation’': 

Cos ^ c = 1 /y3 n • ( I ; 

where n is the refractive index of the medium and^? is the 
ratio of the velocity of the p a r t i <" 1 e to t li e velocity of 

light in a vacuum iRef. 5:pp.4 5] !Hef. 6]. From the above, 

the f o i Lowing is obset'ved: 

I. 14iore Is a threshold velocity /§ min = l/n, below which 
no radiation appears [Ref. 5 : p . 5 ] . 

II . In the limit A 1, there is a maximum angle of 

emission: t^max - Cos ^ ( 1 / n ) [Ref. 5 : p . 6 ' . 

11. In a gas, has only a slight dependence on e 1 e r? i r <’> n 

velocity because^ must be close to one in carder to 
obtain the Cerenkov c o n d i t i o n T R e f . d : p . d 2 4 ft 1 . 

4. Radiation occurs mainly in the visible a net near 

visible region for which n / 1. In I he x-ray rt^gion, 

above atomic resonances, n is usually less than i; 
therofc'>re Cerenkov radiation in the x ray r^Mi’ ion is 
not probable [Ref. ;i:p.::)252 ] [Ref. 5:p.b!. 

Azimuthal syrainetry of the wavefront produces a cone o 1' 
radiation. The distribution in O of the light intensity 
approximates to a delta function [Ref. b:p.C]. 
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FINITE INTER ^C T I ON LE NO T H 



B . 

Radiation from the polarized nioieculos alon^x the path o t‘ 
the electron beam is t o r m a i i y e <] u i v a I e n t to d i f f t' a c 1 1 o n t r' o ni 
a s i n a [ slit 'rV 1 1 h plane waves impinging on t fi e slit at 
angles far f r' o m n o r' m a 1 incidence. Thus, the previous 
disc'ussion dealt with the case where the path Length is 
infinitely long. Passing an electron beam through a gas 
ceil of f* i n i t e I e n g t h c7 a u s e s the r a d i a t 1 o n to increase In 
power' and to be s p r a d o v e r a r a n g e of emission angles 
instead of having a sharp Cerenkov angle, 9c. This 
increased power (up to 2 orders of magnitude for a gas 
medium) and I he spreading effect are dependent on the medium 
I e n g t li , and independent of bunch structure [Ref. 3 : p p . 3 2 4 6 , 

3 2 5 I - .3 2 5 2 i . 1' h e sure a d i n g \ s a s vin m e t r i C' i b out the C e r o n k o v 

cone and the radiated power has interference lobes. The 
main lobt? is peaked at an angle greater i han I he Cerenkov 
angle and t h e t' e is s i g n i f i c a n t power in the other 
interference lobes [Ref. 7:p.lli. As the finite length 
increases, less spreading and less power increase occurs, 
and the position of maximum radiation decreases slowly to 
the Cerenkov angle. In addition, the resulting radiation 
intensity is modified by the Fourier transform of the 
spatial distribution of charge within the hunch. The 
f * r e q u e n c y distribution from a single charge hunch is 
continuous [Ref*. 3 : p p . 3 2 4 8 - 3 2 a 2 j . 



10 



PERIODIC ELECTRON DUnCHlNC 



C . 



If periodic bunches of electrons, instead of a sinj^ie 
char^^e distribution, :ire sent IhroiU’h a niedinm, Cerenkov 
radiation at harmonics of the bunch fr'equen< v results. At 
the lower harmonics, such (hat. the wavelength ot ^unitted 
radiation is larger or on the order of the bunch size, the 
^ ' I e C' 1 o n s r" a d i a t e in p !i a s e c\ n d c a u si' i n c t' e a s e d radiated 
power, even at microwave frequencies [Ref. 2 ] 

H f . : p . 2 I G ] . At higher harmonics: I Ref 2 : p p * 3 2 1 6 , 

2249-3250 ^ 

I . Destructive i n 1 1 ? r f e r e nc' e , described by t he Fourier 

transform of the charge density, decreases intensities 
with increasing frequency, until incoherent radiation 
takes over when the wavelength of the I'adiation is 
much less than the electron spacing. 

2. The observed radiation peaks occur at smaller angles 
more closely spaced. 

3'. the angle of peak power decreases. 

1. The percentage of total power in the first lobe 
(i e c i' e a s e s . 



I). CALCULATION OF RADIATED POWER 

For periodic bunches of electrons, the power r*adiate<i 

per unit solid angle at f r e ci u e n cy (y ) is: 



W(y , n ) ::: 

8 



I 1 ^ ^ a 

F ( k jj [ ( k L ) S i n I ( u ) J 



f 2 ) 
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The parameters desc'rining' the r.iuial ;on -i r e : 
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whorf' n , n , and are comi:>onents o the unit vector n in 

y t 

the eunssion direction,^ is the ftequen< v of the emitted 
rad I a Mon, and h is the length o f m e d i u m i n t e r a c t i. o n , T h e 
total charge of one bunch is q, distributed over a charge 
d i s I r i b u 1 i o n o ( r ) w i t h P o u r i e r t r a n s f o r m ( k ) , ^ i n d P ( k ) is 

i h e n o n d i m e n s i o n a I tor' in f a c t r . T h e b u n < ' h f t' e c] u e n r \ Vo s 
-'qua I I o t hf' e 1 e(' I ron vi' I oc i t. v i i vi ded by I lu' e Lec't rou bunch 
spacing, and V is the frequency of the emitted radiation a 
har'monic of V© ihel. d:p.dCd8M 

An alternative expression for the radiated power' is 
given by the expression: 



W ( y , n ) - < • o n s t a n t x 



I I 3* [ 

: F'l^ I X (i ny5, e Sin 



O-i 
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I n 

where G ( n JSy ^ - - 1 ^ 

and n in the expression for G is the index of refraction. 

(7 LS the Cerenkov radiation envelope. It is equal to 

zero at 6 - 0 and 9 7 T, and has a pole at 9 c, The 
radiation, as described by equation H, is maintained 1‘inite 
at 0 = 0c because sin u at 0 - 9 c is identically zero 
[Ref. yj. 

E. BUNCH PRO KILE DETERMINATION 

The bunch form factors are fourier transforms which 
differ depend! on the chari^e distribution within a bunch. 
For a point charge, the form factor is identically one. For 
any charge distribution of non -zero extent , F(k) must be one 



for k - 0 


a n d fall 
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a function of 
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Here we c 
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char j » e s 
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I'ad i a t i 0 n 
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tu^ar cK) 


as . 
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0 f 


the maxi III urn 


V a L u 


of t li e 1 0 r 


m factor 


at that 


ang 


1 e . This 


effect is always 



present, but is overshadowed at low frequencies by the 

(broadened and shifted) Cerenkov peaks. As noted 

previously, at higher harmonics the Cerenkov power radiated 

in the f o t' w a r d d i t' e c t i o n decreases as a result of loss of' 

coherence between bunches, and in this situation, th#^ 

o 

enhancement at 0 ' fJO from the form factor becomes 
dominant i. f • 4 : pp . 1 Gd4- 1 995 j . 
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A complete angular map o 1 Cf' ren kov radial ron oa^ lerns 



may be used to characterize the properties of relat ivisti< 
h e cun pulses, and may enable o n t o d o t o r iin n e the b e a m pulse 
h a r' g e distributions t r o m measured r' a d i a t e d p t t e r n s 
H e f . 4 : p . 1 H y 6 ] . This work was u n d e r t a k e n to assess t h e 

< } i f f e r e n c e s in r a d i a t e d p a t t e r' n s from a n u m b e r' o f 
d i f f e r e n t I y shaped e I e c t r* n b m charge d i s t r i b u t ions in 

o r' d e to determine some of the p o b 1 e m s associated w i t [i 
obtaining electron b u n c !i p r o f i 1 c* s from r a d i a t i o n pattern 
measurements. 
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Ilf, CALCULA'r lO^^S \N\) HKSlfLf’S 

I’ ro l essors X. K. Maruyania and d. , Neighboiu s o t* the 
Department of Physics, Naval Postgraduate School, Monterey, 
("a 1 L f o I a , developed a compulor program to calculate a jo I 
plot angular maps of t fi e r’ a d i a t e d n e t' g y per unit solid 
angle for a given form factor. The program considered the 
following one dimensional (i.e. in only) beam charge 
d i s t r 1 b u t 1 o n s : Gaussian, level (i.e. boxcar), level plus a 

sinusoidal riiiole combination, and a double hump. This 
author modified the program to perform calculations also for 
the trapezoidal, t'ounded, triangular, and multiple hump 
charge d i s t r i b u t i ons . Figure 11 diagrams the beam pulse 
shapes and presents the (Corresponding foi'in facior 
expressions. 

To determine information from oa<ch type of charge 
distribution, calculations of radiated energy were performed 
using the following parameters: 

1. Beam Energy: 27 Mev 

2. Pulse Frequency: 50 MHz 

3 . Pulse Length: 3.3 nsec, I meter 

4. 1 ns t an t an eous Beam Current: 400 amperes 

5. Path Length in Air: U) meters 

G. Cei'enkov angle, 0c: 0.76 (for' n - 1.000268y 
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Figure 2. Electron Beam Charge Bunch Shapes 
and Corresponding Form Factors 
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Figure 2. Electron Beam Charge Bunch Shapes 
and Corresponding Form Factors 
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Fwidiated energy from each pulse shape torm was caLrula^eri 
and plotted for the 1st through I L! Ui , iHlh, ‘ddth, MOlh, 
rUSth, 42nd, 48th, 44th, and (SOth iiarmon i cs of the ">0 Mliz 

base tr-e<iuency. The 6th harmonic equated to a radiation 
vvave length of the same size as the electron hunch, 
approximately 1 meter. Multiples of the 6th harmonic 
corresponded to multiple numbers ot wavelengths within the I 
meter length < i . e . 60th harmonic- equated to a radiation 
wavelength of 0. I meters, anrl a I meter electron bunch is 10 
radiation wavelengths Long). Beam pulse charge 

distributions of v a r' i a b I e g e o m eery were initially r c? s t r i c' t e d 
as follows: 

I . The level plus sinusoidal ripple combination t' u n c t i o n 
consisted of a ripple of d complete cycles with a 
maxijiium amplitude of one half the i'-vel function 
height. 

2. The multiple hump function consisti'd ot 2 humps, one 
at each end ot the pulse. The length of me hump tor 
a 2 hump function Is one tliird of tlie pulse tcMigth. 
(Mote: tlie length of the hump - ^2N-1 times tlie 

pulse length, where V is t ii e n u m b 6' r of humps. 

d. The rounded and trapezoidal functions had a top length 
eejua 1 to one half their base length. 

Appendices A through G contain the radiation intensity 

plots. In each case the radiated energy dimensions are 

watts pet' unit solid t' a d i a n angle. 

A. LEVEL FUNCTIOM 

Figure d shows tlie radiation intensity lobe development 
between the 1st and I2th harmonics. For the 1st through 4th 
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Figure 3. Level Function 1st, 3rd, 6th, and 12th Harmonics 
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hnrraonic the radial ton patl^^rtis -tr#-' elia me t f-r i s t i c oh poiat 
charges; that is, the r'adiation wave! eng ihs are long 
ef)mpared to the length of t he electron buncdi. Conse<|aent ly 
k 2 - IS small over the entire r' a n g e of a n g L e s and F ' k ^ ) never 
departs significantly from unity. 

Beginning* with rhe nth harmonic the effect of the foran 
factor becomes apparent, and by the 6th harmonic the form 
factor pattern is well developed. In general, as the har- 
monic number increased, the radiation lobes have smaller 
angular separation and approach the Cerenkov angle. For 
these parameters, the Cerenkov interference lobes have been 
replaced by the osrillating pattern whose envelope is 
related to the form factor at the sixth harmonic. Beginning 
with the 6th harmonic, with the radiation wavelength equal 
to the charge bun<7h length, the radicition pattern takes on 
the cha r ac t e r i s 1 1 cs r> f the Fourier transform of the bunch 
shape. The oscillating radiation pattern Is c-ontained in an 

envelope given by the square of the sine function tsinc x - 

o 

sin X - X : , centered at 0 = 90 , and modulated b y the 

rnrenkov radiation envelope. the 6th through [2th harmonic 
radiation plots show the development of the envelope of the 
squared sine function — periodic increase and decrease of 
the first interference lobe and the production of subsequent 
lobes. Figure I is a radiation intensity plot for the 20 th 
harmonic. It shows the envelope of the square of the sine 
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Figure 4. Level Function 30th Harmonic (1.5 GHz) 
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f u n c t 1 o n modulated on the'* < " f ^ n k o v d i a t i <> n o n v < * I o p e . 

Other level function radiation intensity plots are contained 
I. ?i Appendix \ . 

H. THl ANGULAR FUNCTION 

For the 1st thro u h I 1 r h h a r m o n i c the j r i a n g' u I a r 
r u n c t i o n exhibited the <*' h a r' a c t e r i s t i c a d i a t i o n pattern f r' o m 
I n 1 charg^"^^ traveling* throu?>h a finite length. For tiie 
1st through irJr'd haraiionics, as the harmonic increased, the 
tt'i angular function interference lobes shifted to a lower 
angle with decr'easing angular separation. Because of the 
increase in the C e t' e n k o v t' e. d i a t i o n envelope, as 0 decreases 
i o r)c , the lobe peaks increased. For t li e 3 r' d through 5th 
h a r in o n i c , the lobe shift m d d e r e a s l n g c* n g u 1 a r separation 
continued, however tl^e first lobe of each harmonic decreased 
as a consequence of Mie aet'r'ease in the Cerenkov radiation 
envelope as 0 decreases from 0 c to 0 . At the b t h h a r' m o n i r , 
with the radiation wavelength the same as the bunch length, 

1 he radiation pattern envelope began to shift to a 

o 

r- 1 a t 1 \ e 1 y symmetric pattern i': e n t e r e d a r* o u n d 0 = 90 . 

Beginning with the 12th harmonic, with the radiation 
wavelength equal to the average width of the function .i.e. 
one half the function’s base length), the envelope of the 
radiation pattern takes on the c h a r' a c t e r i s t i c s of t h 
Fourier transform of the charge bunch shape. The 
interference lobes are contained in an envelope given by th<? 
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Figure 5. Triangular Function 30th Harmonic (1.5 GHz) 



23 



Ith power of the s i nr function modulated nu the OM^nkov 
radiation envelope. The fourth power of the sine function 
rent Iv reduces t h side tohe'S. Analysis of the :<eroes of 
the lobe envelope indicates tlie triangular function has an 
(' u i V a I e n i < di a r g‘ e s h a p e I e n g t h , f o r r a d i a t i o n w a v e i e n g t. h 
comparison, of one half the triangular function base length, 
figure a is the ra<iiation intensity plot for the dOth 
haruiionic. It shows the fourth power of the sine function, 
with its suppressed sideiobf‘s, modulated on the Cerenkov 
radiation envelope. Other' triangular tunction radiation 
intensity plots are o n t a i n e d I a \ p p e n d i x B . 

C . TRAPEZOIDAL FUNCTIOiV 

Fo/' I hr 1st through Hth liarmonic, tlir trapezoidal 
function interference lobes closely resemble the triangular 
function lr)br^s. The difference is that the first peak and 
subsequent peaks, to a lesser extent, are less intense than 
the trie.ngular function lobes. As the ha/'nionic number 
i n <*' r e a s e s , the degree of i n t e n s i t y d e c 1 i n e i n e t' e a s e s . At 
the 6 t. h [ i a r m o n L c the p e a k o t h e f i r s t I o he is one h a 1 f c; f 
the triangular function’s first peak. 

At the 9th harmonic, with the radiation wavelength equal 
to the average width of the function, the interference lobes 
take on the char ac t e r i s t i <' of the Fourier transform of the 
bunch shape. For the 9th through bOth harmonic, the 
trapezoidal function i n t e r f e r e n c; e lobes are between t fi e 
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triangular and level functions pr -viousiy d^S( i ji)ed. Figure 
b' compares the 30th harmooM- icutiatioii intensity plots of' 
the triangular, trapezoidal, and level tun<*tious. The side 
lobes of the level and trapezoidal functions are not as 
supressed as in the triangular function. This is eKpected 
since a trapezoid can be considerefl a triangle with the 
sides pulled out, or a i' e c t a n g L e with the sides pushed in. 

F u r t h e r analysis was c: o n d ii (' t e d at the I H t ti harmonic by 

varying the top length of the function from 99.9 cm to 0.1 

cm. Figure 7 compares the IHth harmonic radiation intensity 

pattern of the 99.9, H 0 . 0 , 40.0, and 0 . I cm top length 

trapezoidal functions. A top length of ‘19.9 cm a pp r'ox i ma t ed 

a Level function and p i' o d u <:: e d a level function radiation 

pattern. As the top length was shorteneti to dO em, the 

first lobe envelope significantly changed with a Large 

increase in the first interference Lobe and smaJ let' 

increases in succeeding lobes. The two t' e m a i n i n g lobe 

'Mivelopes were slightly broadened, Fui'tlier sh<irtening of 

the top Length to 40 cm caused the first lobe e n v e [ c) r> e to 

reverse^ its trend, to shrink and disappear, inci the second 

lobe envelope to deer' ease to one half its original peak and 

o 

to broaden. The third envelope lobe, centered near 90 , 

remained with the same peak and slightly broadened. 

Continued reduction of the top length to 0.1 cm caused the 
redevelopment of the f i r s t I o h er envelope a n d t h e 
disappearance of the second lobe envelope: the t' e s u L t is the 
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triangular function raclial ion pattern. Other trapezoidal 
function radiation intensity plots are contained in 
Appendix C . 

I). F^OUNDED FIIMCTION 

For the 1st through Hth harinonic, the rounded function 
1 n t e r' f e t' e n c e I o i) e s r I o s e L y resemble the triangular' function 
[ o b e s . A g am, t h a <i i t‘ f r e n <' e is t h a t the f i r s t peak and 
subsequent peaks, to a lesser extent, are less intense than 
t. h e triangular f u n c: t i o n ha b e s . As the h a tan o n i c increases, 
the degree of intensity decline increases. At the Bth 
harmonic the peak of the first lobe is one hv'ilf of the 
triangular function’s first peak. This is the same result 
observ^od with the trapozoidcil function. 

At the 9th liarmonic. with the radiation wavelength the 
s a m e I e n g t h as the a v e r a g e w i d t h o f t li e f u n c t i o n , the 
interference lobes take on the charac t er is t i c of the Fourier 
transform of the rounded [‘uiK'tion shape. For the 9th 
t h r o u g h 6 0th li a r' m o n i c , the r o u n d e d f ti n c t i o n i n t e r f e r e n <■' e 
lobes are between the triangular and leve^l functions 
previously described. Figure 8 compares the !M)th harmonic 
radiation intensity patterns of the Level, rounded, and 
trapezoidal functions. The side lobes ai'e Less supresseti 
than in the similiar trapezoidal function or the triangular 
function. As in the trapezoidal function case, this is 

I 

expected sini:e the rounded function <‘'an be considereii a 
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triangle or gauss i an with the sides pu 11 out, or a 
lec tangle with t. he si ties pushed in. 

Further a n a 1 s i s was conducted at the I 8 1 h harmonic- by 
V a r y 1 n g t h e top long t li o t t h e f u n c t i o n f r o iti 8 ! 1 , 9 to 0.1 cm. 
Figure 9 compares the radiation intensity pattern of the 
O.l, :-»().(), 70.0, and 99.9 cm top length rounded functions. 

A t p length of* 99.9 c' m a p p t' o x i m a t e d a Level function and 
produced a level function radiation pattern. As the top 
length was shortened to 70 cm, the first lobe envelope 
s 1 gn i f i r-an t I y changed with a large increase in the first 
1 n t e r f e t' e n c- e lobe and smaller' increases in s u c c e e d i n g lobes, 
r fi i s increase was approximately 40^ larger than the increase 
experienced from the trapezoidal function. The second lobe 
envelope shifted 10 degrees towards the Cerenkov angle, and 
the third envelope was not changed. Further s h o r' t e n i n g o t' 
the top Length to 4 0 cm caused the first lobe envelope I r> 
reverse its trend, to shrink and be absorbed by the 
b r o a d e n i n g second lobe envelope. The third lobe v e L o p e was 
slightly b r' o a d e n e d and remained centered near 90 degrees. 
Continued reduction of the top lengtli to 0. I < in caused 
suppression of the second lobe envelope and further 
broadening of the third lobe envelope. The result is a 
triangular function pattern with a supressed first lobe 
envelope. Other rounded function radiation intensity plots 
are contained in Appendix D. 



31 



GAUSSIAN FUNCTION 



For the 1st t h t' o u h U r d ha r m on i c t he Gaussian f u n < t i on 

exhibited the characteristic geometrical radiation pattern 

From point charges traveling through a finile path length. 

As the h a r III o n 1 c i n c r' e a s e d , i n t e t' f e r' e n c e lobes approached the 

C(?renkov angle with derreasi ng angle separation and with 

decreasing radiation intensity. However, with the 4th 

harmonic I’here was a transition to a pattern where the 

o 

t'.adiation is concentrated in an envelope around 9 0 . The 

asymmetric lobe envelope is a narrow Gaussi^in Tunction 

modulated on the (>’erenkov raadiation envelope. Transition 

was not expected until near the 6th harmonic where the 

radiation wavelength is a pp r ox i ma t e 1 y the same as the charge 

t) u n c h length. One p r> s s i b L e explanation is t h ci t because I h e 

Gaussian goes to z e r' o at infinity, the e t f e c t i v e charge 

bunch length appears to lie as long as the radi<ation 

wavelength of the 4th harmonic. Figure 10 is a radiation 

i n t e n s 1 1 V pi o t f o r t h e U 0 t h harmonic ; 1 . 5 GHz). Here the 

o 

radiation around 90 is fully developed while that in the 
fc^t'ward direction is completely suppressed. The ratio of 
the peak height for the HOth harmonic compared to that for 
the fundamental frequency is about I / 5 --s u r p r i s i ri g i y large. 

The Pith and 60th harmonics (^oirld not be calculated 
because of computer limitations. Other Gaussian function 
radiation intcMisity plots ar^' contained in Appendix F. 
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F. LEVEL PLUS RIPPLE COMBINATION FUNCTION 

The It^vel plus sinusoidal ripple coml) i na t i on lnn< i ion 
radiation intensity pattern is an a rn p 1 i f i c a t i o n of i h e i e v e J 
tunc' t ion pattern. the amp I i t l c'a t i o n is independent of am»le 
and hat'iflonic number. The degree of amplification depends on 
the ratio o t‘ the ripple amplitude to the level function 
height. Figure II compares the dOth harmonic radiation 
intensity patterns of the level function, and 0.5 and I . 0 
amplitude ratio combination functions. For a ratio of 0.5 
the amp I i f i ca t 1 o n is d.2, and for a ratio of 1.0 the 
am p 1 i f‘ L c a t i o n is 4.0. 

Increasing the number of ripple cycles produced puzzling 
results. The amplification remained constant until the 
number of cycles reached 15, then the amp I i f i c*:a t i on ceascMi. 
The resulting pattern was the same as a level function. 
Shortening the pulse to one half its original 100 cm length 
changed the transition point to H cvcles. 

There was i n s u f f i c i e n t time to explore why the above 
i' e s u I t s o c u r' t' e d . The unusual t' e s u ! t s w a r t' a n t further 
studv. Other Level plus ripple combination function 
radiation intensity plots are (Contained in Appendix F. 

G. MULTIPLE HUMP FUNCTION 

The multiple hump function is a combination of positive 
and negative level functions. F i g u r e 2 d e s i b e s the 
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CO r r es po nci i n g form f’ac'tor. riie [*or\rn Tact or for a N hump 
function is the first N terms of the equation presented. 

The multiple hump function radiation i n t tMi s i t y pattern 
was a modification of the level function pattern. The 
fourier t ransforni ot the multiple hump function is a 
(Combination of sine functions of a longer sc:aie than the 
level function transform. Manual calculations could not 
(Confirm, but it is believed, that the products of the 
indi victual transforms in F ' produce selective 
amp 1 1 f 1 ca t i on of the level function radiation intensity lobe 
e n V e [ o p s . 

For a two hump f u n t i o n , as t li e harmonic increased, the 
the first envelope lobes of the 1st through oth harmonic 
were reduced compared to the level function. At the 8th 
harmonic, with the radiation wavelength the same size as the 
overall function, (his trend reversed. For the 8th through 
llth hai'monic there is up to 5 times amplification of the 
first envelope lobes. At the IHth harmonic, with the 
radiation wavelength tiie same size as the individual hump 
width, a pattf'rn unique to the two hump function appears: 
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L. The wave envelope adjacent to the main 

envelope is always amplified by a factor nf 
approximately 3 . 

2. In goin^ to 0 0, every 3rd suceedin^ envelope is 

amplified by a factor' of a p p r o x i m a t <- i y 3 . E x a m p I e s 
are the 30^h an cl 4Kth harmonic. 

3 . If the envelope adjacent to 0 = 0 is not a multiple of 
3, but 2 envelopes away fr-otn the last amplified 
envelope, it is split to form a single lobe and a 

n a r o w e r I o 1) e e n v e 1 o p e . K x a m p L e s are the 31th, t n d , 
and 60th h a r' m o n i c . 

Figure 13 compares the 30th harmonic radiation intensity 
patterns for a level function and multiple hump functions 
with 3, 3, and d humps. Increasing the number of humps has 

the following* effect: 

1. The amplification is displaced outward a number of 
envelopes equal to the number of humps minus 2. 

3. As the amplification is displaced cat ward, tlie degree 
of amplification i net' eases significantly. 

. tV h e n the amplification is d i s p 1 a c e ci to the envelope 
adjacent to 6 = 0, furthc^r increases in the number of 

humps causes amplification of the first several lobes 
in the envelope. Maximum a m p 1 i f i c a t i o n of the f i r s t 
lobe occurs when the radiation wavelcMigth is 
a p p r' o X i m a t e 1 y twice the size of t li e h u m p w i d t h ( e . g . 
60th harmonic, 10 humps). Continued increases in the 
number' of humps causes a re d u c t i o n of the envelope to 
form a level function rn<.liation intensity pattern. 

As the number of humps goes to infinity the multiple 
1( u m p f‘ u n c t i o n approximates a level function. 

Other multiple hump function radiation intensity plots are 

contained in Appendix G. 
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IV. 



A. INITIAL COMPARISON 

The radiation patt^^rns of* the 7 pulse shapes were 

compared from the perspective of determining pulse shape 

from a measured radiation pattern. The microwave frequency 

of 1.5 GHz, corresponding to the 30th harmonic emission, can 

be t'eadily monitored. At tliis frequency, the radiation 

patterns of the 7 pulse shapes can be divided into 4 groups. 

Figure 13 compares the 4 groups. In each case the pulse 

shapes have the same charge and length. 

I . Oaussian and Triangle Functions 

Figure 13 shows the similarity of the two patterns. 

The Gaussian function radiation pattern is a narrow Gaussian 

o 

lobe envelope centered near 0 ' 90 . The triangular 

function lobe envelope is the fourth power of a sine 

o 

function also centered near 9 = 90 . Both functions are 

modulated on the Cerenkov radiation envelope which varies 

o 

slowly near 0 = 90 , therefoi'e what is primarily seen are 

2 

the effects of [F(k)] . "Manual calculations verified the 

zeroes of the triangular function envelope correspond to a 
sine function scaled to the average pulse width (i.e, one 
half base length for a triangular shape). The fourth power 
supresses the sine function side lobes and dominates over 
increases in the Cerenkov radiation envelope as 0 goes to 0. 
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The result is that the trianKular tune t ion lobe envf» lope is 
very similiar to the (iaussian function lobe envelope which 
does not have sidelobes. 

T h I e V e J f‘ u n c t i o n radiation pattern lobe e n v e I c> p e 

IS the second power of a sine function, centered near 6 ~ 
o 

U 0 , and modulated on the Cerenkov radiation cm v e L o p e . 

Manual calculations verified the zeroes and peak heights of 
the envelope. The level plus ripple function Lobe envelope 
is a uni form amplification of the level function pattern. 

The amplification is independent of harmonic and angle. The 
degree of amplification depends on the ratio of the ripple 
amplitude to the level function height. Increasing the 
ripple frequenc:y does not affect the amplification until a 
specific number of ripple cycles are within the pulse, then 
the amplification ceases. The reason for the abrupt 
ceasation of amp 1 r f i ca t i on is not known. From the 
perspective of d e t e t' m i n i n g pulse s li a p e f t' o m a measured 
r a d i a t i o n p a 1 1 e r n , the two t* u n c' t i o n pattern shapes appear^ 
identical, differing only in the overall intensity. 
Therefore, one could not determine which of the two pulses 
caused the radiation pattern without knowledge of the chat'ge 
density. 

Figure 13 compares the two patterns. The level 
plus ripple is plotted on the same scale as the level 
function to show the uniform amplification. (Note: the 
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level and Level plus ripple patterns are plotted on a 
different scale than the Gaussian and trlanj.xular Tunc t ion 
patterns. ) 

d • u i t i p 1 ^ y ini] p y 0 ^ 1 1 o n 

The multiple hump function radiation pattern is a 
selective amplification of the Level function pattern. The 
number of humps determines which of the level function 
sidelobe envelopes are amplified and by how much. The 
fourier transforms of the level function combinations in the 
multiple hump function are sine functions of longer scale 
than the level function transform. It is hypo thes i ed that 
the longer scale sine function, modulated on the 
established level function pattern, causes the selective 
amplification. figure 13 shows the radia.^ ion pattern of a 
multiple hump function with 2 humps. The first and fourth 
side lobes are amplified compcired to the level function, 
r N o t e : Figure 13 level function plot is scaled d i f f e r' e n t i y 

than the multiple hump function plot. 

Tr^P?2pid§i pnd Roundevi Functions 
Figure 13 shows the similarity between the 
trapezoidal and rounded function radiation patterns. The 
two patterns are sine function variations which are in 
between the level and triangular function patterns. Manual 
calculations of the zeroes of a standard sine function could 
not find a scale length to fit the patterns; therefore, the 
patterns are not readily described by powers of the standard 
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sine rum:t ion. A( 1.5 GHe., the two \'\incf\ons have similiar 
sidelobe suppression wliich makes a iMilse shape d e t e r'nii n a t i o n 
t)etween the two dittieult. 

H. KHRTHRH COMPAHISON 

In order to discriminate between the Gaussian and 

1 1 ' 1 a n g u 1 a t' , and the trapezoidal and r' o u n (i e d functions, the 

i^adiation patterns ijenerate^d it a difterent frequency were 

examined. Figure 14 contrasts t ne Gaussian and triangular 

function patterns at t hc' I tU h harmonic, O.G Gtiz. At the 

I 8 1 Ii harmonic, t Ii e Gaussian function i' e t a i n e d its narrow 

o 

envelope centered near' S - 90 . The triangular function 

envelope became verv t)road and developed a second lobe 

o 

envelope adjacent t o 0 . The change in the triangular 

function pattern r e f 1 e c t s the c Ii a n g e in sine function 
scaling, modulated on t lu' Cf^renkov radial ion envelope. 

Figure 15 contrasts the ti'apezoidal and rounded 
f u n c t 1 o n s . At t. h e I 8 1 h harmonic, the difference in sidelobe 
magnitude between the two functions is more apparent . The 
t' o u n d e d t u n c t i o n s i d I o b e s a r e taller t h a n t h o s e f o r t h e 
t V a p e z o i dal. It is li y p o I h e s i z e d t fi e rounded f u c t i o n i s a 
sine function variant o t* tlie same scaling, but of a smaller 
power than the trapezoidal function. This smaller power' 
value causes taller sirle lobes. In addition, the placement 
of the initial sidelobe nearer to the maximum in the 
Cerenkov radiation envelope causes a tvuller sidelobe, 
and magnifies the difference between the two patterns. From 
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t \\f^ se('ond 



the- pt»rspective of d o t e ton i n i n »{ I he pulse shape, 
lobe envelope of the t' o u n d e d function is 4 0 of the 
intensity o f the main Lobe envelope, w h i I r' L. lu' t r a p e z o i a [ 
si delobe is only 10% . 

C . ADD IT [ONAh ORSKRVAT IONS 

F or each bunch s h a p e , once the radiation p a t t e r n w ii i c ii 

is ch a r ac t e r i s t 1 c of the Four ier transfor'm of the bunch 

o 

shape is established, the DO envelope peak height is nearly 
c o n s t cl n t . 

Table I identifies for each charge bunch shcipe the 

h a r* m o n i c which has the highest lobe peak, and the r' a t i o of 
() 

the LH) envelope peak height to the fundamental fr'oquency 

peak lobe height. The level function and its derivatives 

have the same harmonic Vvith the highest p'^ak (i.e. 2nd); 

likewise for the tr'iangular function and its der'ivatives 

(i.e. !lrd). However, the Gaussian function is the only 

function where the 1st harmonic has the highest peak value. 

Each charge-i bunch shape produces significant radiated energy 
o 

at 00 . With the exception of the Gaussian, this energy is 

15- 16-0 of the fundamental fr'equency peak: for the Gaussian, 

an even larger 20^. 

Figures 7 and 0 show that varying the top length of the 
trapezoidal and rounded functions causes changes in the 
intensity of the forward direction lobe envelope. Willi I he 
top length equal to 80% of the trapezoidal function base 
length, or 70% of the rounded (‘unction base length, the 
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TAP.LE i 



ANALYSIS OF FNVKLOFF PEAKS 



FI R HI o n i c w i L h 
Highest P^‘'^l> 



o 

Patio of 90 Peak 
He i gh t to Fund amen t a J 
H r § 9 P ^ P L' y H e a i V' 



Level 2 .10 

r r i a n g u L a r A .1 5 

T t' a p e 2 o 1 d a 1 3 .15 

H o u n d d 3 .1 5 

(Gaussian i .20 

f. e V e I P I u s R i p p I e 2 .16 

Multiple Hump 2 .16 
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r o r w a r d t a c i n ^ 1 o b r' o a t. I v in c v e a r, e s and e x coeds ^ h o 

o 

previously p reciom i nan I fJO intensity envelope. 

With the exception of the Gaussian function, each char’ go 

bunch’s radiation pattern takes on the charac t e r i s t i c of the 

Fourier transform of the bunch shape when the radiation 

wavelength (equals the average width of the shape. It is 

hypo t lies i ?:ed that because the Gaussian function goes to zero 

at infinity, its radiation pattern at^quires the characteric 

of the F o u r’ i e r t r' a n s f o r m of the pulse at a radiation 

wavelength longeir than the charge bunch. 

The Cerenkov radiation envelope, which decreases as 0 

increases beyond 0c, causes normally symmetric envelopes to 

o 

he asymnielrLc, Mear 9 90 , the Cerenkov radiation 

envelope var'ies slowly, therefore what is seen are primarily 
the effects from . 
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• CONC LljS [0\S AN!) N ij \T 1 0\S 

'r h i s work < o n t a i n s a I va r u o i 1 1 > r • : i r v o t' p a 1 1 e r' n s in i h o 
o 

1) 0 r e rM o n from various c h a r g o d i s t t b 1 1 1 i < > ns t h a t m i ^ h t bo 

o 

encountered. V e a r ‘ ) 0 the r a d i . i i i o n intensity e n v e { o p e 

represents the square of the b u n t'l t or m tact o r V ( i< ) . With 
the exception of the [eve! plus ripple, ea<di ‘ouncn shape 
causes an unique radiation [>attern at specific frequencies 
which should permit i (b.Mi r i f i <; a t i o n of t tu' bunch shvape 
thr'oug'h side lobe analysis. The i^^vel oius ripf>le bunch 
shape produces tlie same rad i at ion pattern form as the level 
bunch shape; thet'efore, the r'adiation pattern could not be 
used to differentiate l>e tween the two. ' veral important 
results wer'o: 

1. Varying the i oi> iengrh.s of tij*' 1 mper o i da. { and roumlet 
p u j s e shapes a u s e s s i g' rn f i c a n t i y [ o r g e e n h a n c e m e n i s 

o { t h < ' f o r w H r d I o be e n v e I o o i - . 

2. Kach hunch shape protiuces signi i leant taidiated eriergy 
dO to the side of the be.nn. T?ie DO peak of \ho 
energy is neat' ly constant f(?t each harmonic of vi 

p a r 1 1 c u 1 a t' b u n c li s h a p e . 
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To aug'nient this proliininar'y resea r'rh the following* is 
recommended : 



1. h^teririLne why t lie love! plus i i pp I e c omi) i n a t. i on 
fiinotion behaves so uniisaLlv. Why is the 
amp 1 i t i ca t L on uni Term, independent oT harmoni<^ and 
angle, and y t a b r u p t 1 y d i s a p p e a t' s a t a spec:! f i 
n \ i in I ) e r of c y < ' i e s ? 

J . C o nil m t h a t i n c f a n v r i o n s o I 1 1 i { f (' r' e ri t s c ale <' a u s e 

the m u 1 1 i h u m p f u n < t i o n ' s s 1 e c t i v e a n d n o n - u n i f o r ni 

I o b f ^ I' n V e I ( ) p e a m p I 1 f ' i c a t i o n . 

d . D e t e r mine w h y v a t' y i n g the top lengths of t li e 

trapezoidal and rounded pulse shapes causes 
significant eniiaiK^emen t of t ho fotwar'd lobe envelope, 

1 . D e t e r m 1 n o w 1 1 v e a c h p u I. s e shape p r' o d u c e s significantly 

large radiation energy MO to the side of the beam. 

f) , Determine the ot focrs of (changes in beam energy, pulse 
width, pulse f r' e q u e n <:• y , and path length. 

b. Confirm the results found by mapping the microwave 
t'adiation measu r*ed at a comparable oarticle 
a r c e I. e r h t o . 

The results presented did not take into ^iccount a t mos phe? r i c 



attenuation and g r o u n d p lane r e f 1 e c t i o n 1? e f . 1 : p . 1 M M 6 j . 

H o w e v e r , t 1 1 e y d o p r* c> v i d e a n e x c c? I Umi t r' e f e r e n c: e f r o m w h i < • h 
to begin to establish a method of determining the pulse 
shape oi relativistic elf'ctron hcvuns based on Ceienkov 
r a d i a t 1 o n p a t t e j' n s . 
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